Photosynthesis is sensitive to environmental stresses. How nuclear and plastid genome coordinate to cope with abiotic stress is not well understood. Here we report that ATHB17, an Arabidopsis HD-Zip transcription factor, coordinates the expression of nuclear encoded photosynthetic genes (NEPGs) and plastid encoded genes (PEGs) in response to abiotic stress. ATHB17-overexpressing plants display enhanced stress tolerance, whereas its knockout mutant is more sensitive compared to the wild type.
Introduction
Abiotic stresses such as salinity, drought, high light, unfavorable temperatures, adversely affect the growth and development of plants. Photosynthesis in chloroplast is one of the primary processes to be affected by abiotic stress 1, 2 . The effects can be direct, as decreased CO 2 diffusion caused by stomata close 3 or affecting ribulose bisphosphate carboxylase/oxygenase (Rubisco) activity 4 . More importantly, abiotic stress reduces the threshold intensity for the onset of photoinhibition, and results in over excitation of the photosystems, thus dramatically increasing reactive oxygen species (ROS) production 5, 6 . Rapid response of plant metabolism and photosynthetic machinery is key for plants to cope with the fluctuating environment 7 .
Chloroplasts are genetically semi autonomous organelles that evolutionarily retained eubacteria-type circular genome DNA. In higher plants, the chloroplast 120-150 kb genome encodes only about 120 genes 8 . More required proteins are encoded by the nuclear genome and imported to play roles in the chloroplasts after translation in the cytosol 9 .
Chloroplast gene transcription in higher plants is performed by at least two types of RNA polymerases, plastid encoded RNA polymerase (PEP) and nuclear encoded RNA polymerase (NEP). PEP holoenzyme is a complex composed by five kind of subunits: α , β , β ', ω (omega), σ (sigma), in which the α 2ββ'ω constitutes the catalytic core, while the σ subunit recognizes the specific promoter region and initiates transcription to the core complex 10 .
response analyses strongly suggested that HAT1, HAT3 and ATHB4 were under the control of the phytochrome system as ATHB2 38 . For the remaining class Ⅱ HD-Zip members, little is known about their functions except ATHB17.
ATHB17 localizes to both the cytoplasm and nuclei, which is regulated by its unique N-terminus. Overexpression of ATHB17 in Arabidopsis enhances chlorophyll content in the leaves, while expression of a truncated ATHB17 protein in maize increases ear weight at silking 39, 40 . ATHB17-overexpressing Arabidopsis plants are sensitive to ABA and NaCl, whereas ATHB17 knockout mutants are insensitive to ABA and NaCl at post germination stage. However, these phenotypes are weak and the expression of ABA-responsive genes is not significantly altered in the ATHB17-overexpressing plants compared with wide-type (WT) plants 41 . Thus, it remains obscure that the phenotypes were resulted from modulating ABA signaling or other mechanisms.
In this study, we find that ATHB17 plays as an important regulator to coordinate expression of NEPGs and PEGs to cope with environmental stresses. ATHB17 responds to multiple abiotic stresses. Overexpression of ATHB17 enhances plant tolerance to salt, drought and oxidative stresses, and knockout ATHB17 results in the opposite phenotypes. By RNA-seq profile analysis, we find ATHB17 represses the expression of many NEPGs while activates the transcription of many PEGs. Further analysis reveals that ATHB17 can directly bind to the promoter of several NEPGs and likely regulate their expression. Meanwhile, ATHB17 can directly bind to ATSIG5 promoter to activate ATSIG5 expression to regulate PEGs expression. Our study reveals a novel pathway involving photosynthesis that requires the coordination between NEPGs and PEGs expression in response to multiple abiotic stresses.
Results

ATHB17 is preferentially expressed in roots and responsive to multiple stress signals
To reveal the expression pattern of ATHB17, we analyzed transgenic plants harboring the ATHB17 promoter-GUS reporter construct (pATHB17::GUS). Strong GUS activity was detected in roots of seedlings at different ages ( Fig. 1A -a to A-e and A-g). ATHB17 was also expressed in rosette leaves with much higher expression levels in the leaf veins ( Fig. 1A-f ). However, at mature stage, ATHB17 is mainly expressed in root ( Fig. 1A-g ). There is only weak expression in other organs, such as rosette leaf (Fig. 1A-h ), cauline leaf ( Fig. 1A-i ), flower and young silique ( Fig. 1A-j) , and mature silique ( Fig. 1A-l) . These results were further confirmed by quantitative real-time reverse transcription PCR (qRT-PCR) analysis shown in Fig. 1B .
Moreover, we found that ATHB17 was significantly induced by ABA (abscisic acid), paraquat (PQ), drought, and NaCl treatments (Fig. 1C ). Consistent with this result, GUS staining of the pATHB17::GUS reporter line treated with NaCl, ABA, PQ, and mannitol also showed strongly induced expression of ATHB17, especially in the leaves (Fig. 1D ).
ATHB17 is a positive regulator of tolerance to multiple abiotic stresses
In order to uncover the functions of ATHB17, we generated 35S:: ATHB17 (OX)
transgenic Arabidopsis plants, and obtained an ATHB17 knockout (KO) mutant from ABRC ( Supplementary Fig. S1 ). To test whether ATHB17 is involved in salt tolerance, we determined the NaCl sensitivity of the ATHB17 OX and KO lines. Firstly, the NaCl sensitivity at germination and seedling establishment stage was assayed. Seeds were germinated and grown in MS (Murashige and Skoog) medium containing different concentration of NaCl. The results show that the ATHB17 OX lines had a better root growth advantage compared with the WT plants under the stress condition.
In contrast, the KO plants showed significantly reduced root growth. However, there was no difference in germination or root elongation on MS medium without NaCl ( Fig. 2A ). The results of root growth assay indicate that the ATHB17 KO was more sensitive to NaCl, while the ATHB17 OX was more tolerant to NaCl than WT at germination and seedling establishment stage ( Fig. 2B ).
In another salt tolerance assay, 7-day-old ATHB17 OX, KO and WT plants were transferred to MS medium or MS medium containing NaCl. After another 7 days growth, the ATHB17 OX plants showed higher survival ratio whereas the ATHB17 KO plants showed opposite phenotypes compared with the WT (Fig. 2C -D).
To confirm this, we conducted complementation analysis by expressing ATHB17
in the ATHB17 KO plants, which restored the salt tolerance of KO plants to wild-type level ( Supplementary Fig. S2 ). Moreover, ATHB17 was able to confer salt tolerance in tobacco when overexpressed ( Supplementary Fig. S3 ).
Since ATHB17 is responsive to multiple stresses as demonstrated above, we also analyzed the role of ATHB17 in drought stress and oxidative stress. The ATHB17 OX Arabidopsis plants showed enhanced drought tolerance while the ATHB17 KO plants showed drought sensitive compared with WT plants ( Supplementary Fig. S4A 
which is consistent with the result of Park et al. 41 . In addition, overexpression of ATHB17 also conferred improved tolerance to PQ ( Supplementary Fig. S4C -D).
These data indicate ATHB17 is a positive regulator of multiple abiotic stresses.
The expression of typically stress-responsive marker genes was not significantly affected by ATHB17
To investigate the mechanism of ATHB17 modulating stress tolerance, we compared the transcriptomes of ATHB17 OX, KO and WT plants grown under normal and 200 mM NaCl treated conditions using RNA-seq method. Surprisingly, we found the expression of classic stress-induced marker genes such as RD29A, RD29B, RD20, RD22, COR47, COR45B, CBF1, SOS2, SOS3, were not significantly influenced by ATHB17 both under normal and salt treated conditions. Expression levels of ABA signaling and synthesis pathway genes were also not significantly changed in the ATHB17 OX and KO plants (Table 1) . To validate the results of RNA-seq profiling analysis, eight stress-responsive genes were selected for qRT-PCR analysis. The results showed that the response of these genes was not significantly affected by the expression level of ATHB17. Taken together, these results implicate that ATHB17-conferred stress tolerance is probably not through the classical stress response pathway but through a new pathway.
ATHB17 negatively regulates some NEPGs while positively regulates many PEGs
Based on Gene Ontology (GO) term enrichment analysis of the RNA-seq profiling data, we found the NEPGs were significantly enriched among the different expressed genes between the ATHB17 OX and ATHB17 KO both under normal and salt stress conditions ( Supplementary Data 1 and 2 RT-PCR validation showed a similar expression pattern of these genes as RNA-seq profiling analysis. Most of the genes tested had higher expression in ATHB17 OX and relatively lower expression in ATHB17 KO as showed in Fig. 4B .
Taken together, our data imply that ATHB17 positively regulates the expression of many PEGs.
ATHB17 can directly bind to the promoters of several NEPGs
HD-ZIP transcription factors show a binding preference for variant HD-binding sequences 36, 42 . According to the result of bioinformatic analysis, combined with the information from AGRIS (Arabidopsis Gene Regulatory Information Server), we selected six kinds of 8-9 bp sequences as potential HD binding sites. We firstly tested the binding affinities of ATHB17 to these sequences by yeast one-hybrid (Y1H) assay.
We found full length ATHB17 protein had strong self-activation activity. It had reported that ATHB17 protein lacking the first 113 amino acids (ATHB17Δ113) can still homodimerize and specifically recognize the sequence requirements for DNA binding 40 , thus we used ATHB17 protein lacking the first 107 amino acids (ATHB17Δ107) for Y1H and mobility shift assay (EMSA). As results showed in Supplementary Fig. S5A , ATHB17Δ107 had no self-activation activity. Y1H assay reveled ATHB17 had strong binding affinities to these HD binding cis-elements： aaattagt, tttaattt and taaatgta ( Supplementary Fig. S5B ). Then we did EMSA to confirm the binding affinities of ATHB17 to the potential ATHB17 binding cis-elements in vitro. Supplementary Fig. S5C shows that ATHB17 could directly bind to the sequences aaattagt and tttaattt, but failed to bind to taaatgta in vitro. The results of EMSA indicate that ATHB17 protein was able to directly bind to the tttaattt motif in vitro, and the binding was specific as demonstrated by competition assay using unlabelled (competitor) and non-specific probes (non-competitor) ( Supplementary Fig. S5D ).
Based on the above analysis, we chose aaattagt and tttaattt as the ATHB17 binding cis-elements. Promoter sequence analysis of the 19 ATHB17 down-regulated
NEPGs revealed that 10 of the 19 genes had at least one ATHB17 binding cis-element ( Fig. 5A ). To analyze whether ATHB17 could directly regulate expression of all these 10 genes by binding to the different ATHB17 cis-elements in their promoters, we performed Y1H assay. As shown in Fig could directly bind to ATHB17 binding cis-element motifs in the promoters of the 5 genes screened out by Y1H ( Fig. 5C ). However, ATHB17 failed to bind the h fragment in PSBO1 promoter, which also had no binging affinity to ATHB17 in yeast.
These results are consistent with the data of Y1H and the expression pattern of these genes in the ATHB17 OX, KO and WT plants ( Table 2 ). These results indicate that ATHB17 can directly bind to the promoter of a number of NEPGs to regulate their expression.
ATHB17 binds to the HD cis-elements in the ATSIG5 promoter
Through RNA-seq profiling analysis, we found a nuclear encoded sigma factor, ATSIG5, had significantly higher expression in ATHB17 OX plants than in WT and Promoter sequence analysis revealed two potential ATHB17 binding cis-elements in the ATSIG5 promoter: cis1 tttaattt located 1148 bp upstream of start codon and cis2 aaattagt located 1054 bp upstream of start codon ( Fig.6 C) . These data suggest that ATSIG5 may be a candidate target of ATHB17.
ChIP and Y1H assay was conducted to determine whether ATHB17 could directly bind to the HD cis-elements in the promoter of ATSIG5. The results of ChIP-qPCR showed in Fig. 6D revealed that ATHB17 was able to bind to the ATSIG5 promoter DNA fragmentⅠand Ⅱ which containing the HD cis-elements. However, the DNA fragment Ⅲ
containing no HD cis-elements was not enriched, suggesting that ATHB17 specifically binds to the HD cis-element motifs in the ATSIG5 promoter.
Binding of ATHB17 to the ATSIG5 promoter was further tested by Y1H assay.
Consistent with the ChIP assay results, ATHB17 could directly bind to both of the promoter fragments containing HD cis-element cis1 and cis2 in yeast cells, with much stronger binding affinities to the region containing cis1, but could not bind to the promoter fragment without HD cis-elements as a negative control ( Fig. 6E ). These data indicate that ATSIG5 was a direct target of ATHB17.
ATHB17 regulates salt stress tolerance partly by modulating ATSIG5
ATSIG5 was reported to respond to multiple stress signals, including salt stress.
The sig5-1 mutant is hypersensitive to NaCl treatment 18 . To study the functions of ATSIG5, we generated 35S::ATSIG5 (OX) lines and obtained ATSIG5 knockout mutants sig5-1 and sig5-4 ( Supplementary Fig. S6 ). After germinated and grew vertically on MS or MS medium containing NaCl for 10 days, the ATSIG5 OX showed salt tolerant while sig5-1 and sig5-4 showed salt sensitive phenotypes compared with the WT (Fig. 7) . These results agree with that reported by Nagashima et al. 18 .
To investigate further whether ATHB17 modulating salt stress through regulating ATSIG5 transcript, we introduced ATHB17 OX into sig5-1 background by crossing.
The ATHB17OX sig5-1 offsprings were tested for salt tolerance. Although ATHB17 gene was overexpressed in the hybrid offspring, the ATHB17OX sig5-1 seedlings did not show salt stress resistant phenotypes as ATHB17OX plants did but an intermediate phenotype between the two parents ( Fig. 8 ), implying that ATHB17-conferred stress tolerance is partially dependent on ATSIG5.
Moreover, we analyzed the expression of the 20 PEGs, which were activated by ATHB17, in sig5-1 and ATSIG5 OX background. The results show that 8 of 20 PEGs (PSBD, PSBC, PSAB, RBCL, PETB, RPOA, RPS8, YCF1.2) had increased transcripts in ATSIG5-overexpressing plants while had decreased transcripts in the sig5-1 mutant compared with WT. However, compared with WT, PSBA, PSAA, PSBB were found down-regulated and RPS19, NDHD, NDHG were found up-regulated both in ATSIG5-overexpressing and knockout plants, but with a much more dramatic change in the sig5-1 mutant plants ( Fig. 9 ). The expression change patterns of these PEGs partly agree with the expression pattern of these genes in ATHB17 OX and KO plants,
indicating that ATHB17-affected PEGs expression may be partly through ATSIG5. OX compared with WT and ATHB17 KO plants, whereas only small expression difference of these genes existed between the WT and ATHB17 KO plants (Table 3 and Fig. 4 ), indicting ATHB17 regulating theses genes probably through an indirect way. Under salinity condition, other genes or the ATHB17 downstream signal pathway might be activated to recover the expression of these PEGs in ATHB17 KO plant. Interestingly, we found that ATHB17 could directly activate ATSIG5 transcript ( Fig. 6 ), which is an important nuclear encoded sigma factor modulating a number of PEGs, such as PSBBT, PSBD, PSBC, PSBZ, PSAAB and PSBA 18, 50-52 . Very likely, ATHB17 may regulate the expression levels of PEGs partially through ATSIG5, which is supported by genetic analysis (Fig. 8 ). Taken together, these studies demonstrate that ATHB17 acts as a regulator for coordinating the transcription of NEPGs and PEGs in plants under both normal and salt stress conditions.
Discussion
Previous studies on salt stress tolerance mainly focused on genes related ion homeostasis, metabolites or osmoprotectants, antioxidant, hormones, ABA synthesis and signaling, and stress-responsive TFs 53, 54 . However, so far very few researches focus on the coordinating photosynthetic genes to improve plant salt tolerance.
Anyway, we did not found any difference in the expressed classic genes related to salt resistance between ATHB17 OX and KO plants, including many stress-responsive genes, ABA synthesis and signaling pathway genes, as well as SOS genes (Table 1 and Fig. 3 ). These results partially agree with the results by Park et al. 41 , who reported that ATHB17 overexpression did not affect the expression of a number of ABA-responsive genes. Thus, ATHB17-confered salt stress resistance may not through the traditional pathways.
Instead, we found that ATHB17 could coordinate the transcription of NEPGs and PEGs to deal with salinity stress. Firstly, ATHB17 represses the expression of genes More interestingly, ATHB17 is a multiple stress responsive gene, and can be induced by osmotic stress, PQ and ABA besides NaCl (Fig. 1C and D) .
Overexpression of ATHB17 could also enhance plant tolerance to drought and oxidative stresses ( Supplementary Fig. S4 ), indicating a similar mechanism as that of salt stress may exist in responding to these stresses. Taken together, our results imply that ATHB17 is an important TF regulating both NEPGs and PEGs to decline light harvest, enhance photosystem repair and antioxidative ability, and balance photosystem stoichiometry under stress conditions, thus improving the tolerance of plant to multiple stresses.
In Arabidopsis, the multiple-stress responsive plastid sigma factor ATSIG5, is structurally distinct from other sigma factors 64 In this study, we found that ATHB17 is also a multiple-stress responsive TF, similar with ATSIG5. NaCl, mannitol, PQ, ABA could highly induce its expression in leaves.
Through Y1H and ChIP assay, we found ATHB17 could directly bind to ATSIG5 promoter to regulate its transcription (Fig. 6 ). Overexpression of ATSIG5 in Arabidopsis enhanced its salt tolerance, while sig5 knockout plants became salt sensitive ( Fig. 7) . However, when ATHB17 overexpressed in the ATSIG5 knockout background, salt tolerance of the plants was partially impaired (Fig. 8) . Moreover, the expression patterns of many PEGs in ATSIG5 OX and sig5 mutant compared with WT were similar to that of these genes in ATHB17 OX and KO compared with WT ( Fig.   9 ). These results indicated that ATHB17 affects salt resistance partly depending on ATSIG5.
In conclusion, our study demonstrated that ATHB17 is an important TF in coordinating the expression of NEPGs and PEGs to cope with multiple stresses as illustrated in the working model ( Fig. 10 ). Under stress condition, the expression of 
Methods
Plant materials and growth conditions
Arabidopsis thaliana (Col-0) and tobacco (Nicotiana tobaccum, NC89) were used for transformation. Seeds were sterilized in 10% bleach for 10 min, continued to wash five to six times with sterile water. For Arabidopsis, the seeds were first treated in 4 ℃ for 3 days vernalization, continued to sow on MS medium and 7-day-old Arabidopsis seedlings were transferred to soil. For tobacco, the washed seeds were directly germinated on MS medium, and 14-day-old seedlings were transferred to soil. The grown house condition was controlled at 22 ± 1 ℃ in a photoperiod of 16 h light and 8 h darkness.
Constructs and preparation of transgenic plants
To get 35S::ATHB17 and 35S::ATSIG5 overexpression binary vector, the ATHB17 or ATSIG5 cDNA was isolated by RT-PCR with ATHB17-attb-LP and ATHB17-attb-RP or ATSIG5-attb-LP and ATSIG5-attb-RP and cloned into pCB2004 65 via the GATEWAY cloning system. To analyze the ATHB17 expression pattern, the 3.0 k bp promoter fragment was amplified with the primers pATHB17-LP and pATHB17-RP and then shuttled into the vector pCB308R 65 . For ChIP assay, ATHB17
full-length coding sequence amplified by RT-PCR using specific primers ATHB17-HA-attb-LP and ATHB17-attb-RP was inserted into pCB2004 to get pCB2004::ATHB17-HA by the GATEWAY cloning system. All the constructs were electroporated into Agrobacterium tumefaciens C58C1, which were used to transform the wild type Arabidopsis plants as described 66, 67 . All the primers used are listed in Supplementary Table 1 .
Identification of ATHB17 and ATSIG5 knockout mutants and overexpression plants
A Supplementary Table 1 .
GUS activity staining assay
GUS staining of pATHB17::GUS transgenic plants was performed as described 68 .
Arabidopsis seedlings were soaked in staining buffer containing 1 mM 
RNA-seq
Two-week-old seedlings of ATHB17 OX, KO, and the WT control were treated with or without 200 mM NaCl in liquid MS medium, 60 rpm shaking in the air for 6 h, then all the six plant materials were harvested for total RNA extracting with TRIzol reagent (Invitrogen Inc.). RNA-seq was performed and analyzed by BGI(Beijing Genome Institute，Shenzhen)corporation following the protocol provided by the manufacturer. For annotation, all clean tags were mapped to the reference sequence and allowed no more than one nucleotide mismatch. Clean tags mapped to reference sequences from multiple genes were filtered. For gene expression analysis, the number of clean tags for each gene was calculated and then normalized to the number of transcripts per million tags (TPM).
qRT-PCR
Total RNA was extracted using TRIzol reagent (Invitrogen Inc.), first-strand cDNA was synthesized from 1 μ g total RNA in a 20 μ l reaction mixture with Prime Script RT regent kit (TAKARA BIOTECHNOLOGY CO., LTD). The transcript levels of classic stress-related genes and other genes were examined with specific primers. The PCR was performed on ABI step-one instrument with the amplification conditions for 40 cycles of 95 °C for 1 min, 62 °C for 20 seconds and 72 °C for 30 seconds. UBQ5 was used as the internal control. The relative expression levels were calculated by the 2 -ΔΔCT method. All the primers used are listed in Supplementary   Table 1 .
Yeast one-hybrid assay (Y1H)
A cDNA fragment encoding ATHB17 was amplified by the primers: the forward with restriction endonuclease BamH I, 5'-CGGGATCCGACCAGCTAAGGC TAGACATGAA-3'and the reverse with restriction endonuclease Xba I, 
ChIP-PCR assay
Leaves of 10-day-old T 3 homozygote of 35S::ATHB17-HA transgenic plants and anti-HA tag antibody (Cali-Bio, CB100005M) were used for pulling down the chromatin, mainly as previously described 69 . After degrading the associated proteins with proteinase K, the chromatin DNA samples were treated using phenol/chloroform, then precipitated and finally eluted in 30 μ l TE buffer. ChIP-PCR was then used to verify the promoter segment of related genes using the primers listed in Supplementary Table 1 .
EMSA assay
ATHB17Δ107 protein was expressed in Escherichia coli with pET28a (+) protein expression system (Novagen) and purified with Ni 2+ chromatography. Three copes of complementary single-stranded HD-binding sequence were synthesized and annealed to form double-stranded DNA fragment. The DNA fragments were marked with α -32 P-dCTP and gel purified as probes. Purified ATHB17Δ107 protein (200 ng) was incubated with probes for 30 min on ice. For the competition test, non-labeled probe and non-specific probes were added into the binding reaction. Each reaction was loaded on a 4.5% native polyacrylamide gel with 0.5 × TBE buffer. The gel then exposed to X-ray film.
Statistical analysis
Statistically significant differences (P < 0.05 or P < 0.01 or P < 0.001) were computed based on the Student's t-tests. Ⅰ Ⅱ Ⅲ 
